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Abstract 
A mathematical model of the process of gypsum optimal structure formation has been designed with the application of computer 
simulation methods. An optimal raw mix speciation and gypsum specimen strength top values corresponding to the model were 
experimentally obtained and recorded. 
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1. Introduction 
Nowadays, ecological, resources and energy saving problems come to be of great importance. These are especially vital 
in building materials manufacturing. It is necessary to more extensively use wastes of building industry in this 
manufacturing. Such wastes can be riddlings from gypsum rocks grinding. Using them in manufacturing would both result 
in products cost reduction with utilizing a valuable technogenic rock and enhance the ecological figures.  
At present, disaggregated systems structure investigation is one of the new and perspective areas of material science. It 
takes a great number of expensive laboratory studies for elaborating and designing new materials. In this connection, 
disaggregated systems structure investigation necessitates the application of new mathematic modeling methods, developing 
computation models on the base of computer technologies [1]. A mathematical model allows to integrally describe the 
structure formation process of such systems. Development of such model is an up-to-date and necessary stage. 
Problems of structure formation in disaggregated systems are considered in the studies by A. N. Harhardin, 
V. A. Valtsifer, V. V. Belov. Obtaining the more compact gypsum crystals packing requires the employment of mixes of 
different fractions and makes it possible to enhance the performance of final products. It is confirmed that strength of 
disaggregated systems depends on the strength of particles, a number of crystallization centers between solid particles and 
the strength of a single contact. The number of crystallization centers, on its part, comes to be a function of particles size 
and the method of their packing [2], [3].  
At present, along with the theory of hydrate hardening of gypsum binders incorporating hemihydrate gypsum, the theory 
of non-hydrate hardening is being developed. Crystalline structures formation in a system “dihydrate of sulfate of calcium -
water” occurs without adding hemihydrate according to non-hydrate scheme, suggested by A. F. Polak. Primary crystalline 
structure formation in this case is caused by compelled approach of particles at the length of molecular interaction. During 
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this process there appear inosculation nucleuses between large particles of dihydrate of sulfate of calcium (coarse aggregate) 
due to dissolution of smaller particles (finer fraction).   
In accordance with structure formation in composites on the base of technogenic gypsum crystalline contacts can develop 
due to oversaturation resulting from lapping superficial layers made of the particles of dihydrate of sulfate of calcium of 
various sizes. Such mechanism is the basis of primary structure formation [4].  
A study was done on finding a mathematical equation with the application of computer modeling. The model allows to 
describe in details the disaggregated system structure formation and design an optimal mix of ingredients to obtain high-
performance gypsum composites.  
2. Main part 
A wide-spread approach for disaggregated materials analysis is represented by three-dimensional modeling of the 
properties and structure with solid spheres application. Within such model coarse aggregates grading in composites is 
reduced to sphere particles optimal packing.  The most compact placing of spherical particles can be done with certain their 
orderly spreading  over the totally filled space, namely, with sphere centers in junctions of face-centered cubic  lattice or 
with compact hexagonal placing [5].  
The formation of crystallization contacts in a disaggregated system of non-hydration consolidation can take place when 
the following conditions are observed: 
• particles approach at the length of closely active forces; 
• availability in a system of particles with different solubility; 
• homogeneousness of newly formations and backing; 
• availability of by-surface layer of solution, concentration of which is determined by size of particles [4].  
Structural topology defines the coordinates of particle vicinity in a three-dimensional space by a coordination number 
and compactness of placing in composites [6]. The coordination number is determined by the amount of particles contacting 
the core particle with respect to its nearest surroundings, i.e. the number of particles closely surrounding the core particle.  
3.  Materials and methods 
The study has been performed on the Production of building materials and structures department of Tver State Technical 
University. In the study techogenic dihydrate of sulfate of calcium taken out of riddlings of Konakovo porcelain 
manufacture was used.  Raw mixes of calcium hydrate sulfate powders of various degree of grinding were used. The 
powders were produced by grinding on a jaw crusher with following milling in a lab ball mill. Granularity of powders was 
stated from dispersion analysis on a laser analyzer Fritsch Particle Sizer ‘analysette 22’. Conditional area for powders was 
estimated on a PSH devise by the method of filtration. Mixing in binary raw mix manufacturing was made manually. 
Solubility of raw mixtures were determined by the value of electro-conductivity of solutions with “Multitest KSL-101”. 
With the purpose to study physical and mechanical properties the specimens have been molded by way of semidry 
pressing on a lab hydraulic press. The investigations of pressed materials on the base of techogenic dehydrate have been 
performed on cylinders sized 25×25 mm. Gypsum specimens were cured under normal temperature and humidity over 95% 
in a chamber. 
 
Fig. 1(a). Microstructure hydrate gypsum powder 
 
Fig. 1(b). Microstructure hydrate gypsum manufactured on  
the base of binary mix of the fixed granulometry 
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In this paper the process of gypsum rock structure forming under non-hydration hardening is studied. Such a system has 
been obtained by semidry pressing technique in which dispersive medium presents the thinnest films on the surface of solid 
phase [7].  
The work was performed to find out a mathematical function by the optimum criterion, a number of crystallization 
centers and a quantitative parameter of binary mix that is proportion of particles size. In the process of finding a 
mathematical equation under study the computer three-dimensional model has been designed [8].  
4. Results and discussion 
All contacts between the particles of dihydrate of sulfate of calcium make crystalline structure, i.e. being effective. The 
number of “effective” crystallization contacts is determined from the correlation of approached particles sizes and a number 
of particles of different size in a dispersive system. It is necessary to employ the binary mixes of certain type enabling a 
maximum number of contacts of big and small particles in a packing to be obtain [7]. On Fig. 1 microstructures of gypsum 
powder and binary mix of the fixed granularity are presented. 
The model approximates the structure of material and allows to determine the necessary mix parameters in a conditional 
volume. It is determined that the distribution of particles in powders agrees with the law of normal distribution. Besides, 
gypsum powders can contain not only separate basic mineral particles, but also aggregates produced from grinding. Such 
aggregates and the very particles affect the properties of powders in a far different manner. These discrepancies are still 
more apparent for a polyfractional system. Such system is formed from mixing powders of different relative conditional 
area to obtain the most compaction in moulding.  
The aim was achieved with designing a model which describes the distribution of solid particles within the unit space 
(elementary cell) provided that maximum of effective contacts take place. According to a non-hydration hardening scheme, 
a smaller particle should be aligned between two big ones. A computer program has been designed to set up a quantitative 
model of microstructure of binary mix and its research [9], [10]. Face-centered cubic packing of coarse aggregates has been 
the basis of the three-dimensional computer model.  

Fig. 2. Face-centered cubic packing 
When creating a computer program has been produced review of current approaches to simulation of particulate systems 
[11], [12], [13], [14], [15], [16]. In the designed computer model the compaction of smaller particles is performed by an 
algorithm of bowling particles «drop and roll» (see Fig. 3) [17], [18], [19]. Face-centered cubic packing of coarse 
aggregates has been the basis of the model.  
On Fig. 6 there the process of smaller particles filling in the porous space formed of large particles placed in the face-
centered cubic lattice is shown.  

Fig. 3. Drop and Roll algorithm: 
1 – initial position of a particle, 2 – position of particle when first contacted, 3 – steady position where three surfaces intersect 
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
Fig. 4. A sketch of a model of the internal structure of disaggregated system  
of non-hydration consolidation, cross-sectioned 

Fig. 5. On computation of the number of particle contacts 
The program allows to study the process of packing a bi-fractional bulk of particles and to specify their sizes and 
number. The program resulted in a particles packing solid model; specified volume of basic mix; porous volume; a number 
of contacts on the big particle surface; a number of contacts of small particles on the unit area of a big particle. 

Fig. 6. Modeling the process of the internal structure formation for a disaggregated system under non-hydration hardening in unit space 
The designed computer program allows to model polydispersive systems compact packing and to determine grading 
parameters – voidness, fractions volumetric batches, coordination number. The program also enables gypsum powders 
optimal granular dosage to be determined [20]. 
On the basis of the disaggregated system solid computer model the mathematical function of the total coordination 
number from ratios of volumetric fillings to bimodal mix fillers diameters, dependence of particles number from diameter to 
diameter ratio, has been drawn. 
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
Fig. 7. Analytical chart of the total coordination number to diameters ratio function 
The function found indicates that the more varying particles sizes are the more percentage of big particles is revealed. 
Such system has greater values of coordination number than those of the systems with similar particles sizes. Increasing the 
total coordination number of particles of the system in question results in performance enhance of structures on the basis of 
binary mixtures of the fixed granulometry. 

Fig. 8. Analytical chart of the total coordination number to large particles volumetric filling ratio 

Fig. 9. Analytical chart of the particles quantity to diameters ratio function 
A comparative analysis was performed by the lab data to determine hydrate gypsum relative areas, pored compactness, 
and also solubility of raw mixtures. The studies performed have indicated that the solubility of hydrate gypsum 
disaggregated systems is hinged upon the fineness of grinding. It grows along with increasing a relative area of powders 
from 667 to 987 m
2/kg (see Fig. 10). Under further increase of the relative area up to 1006 m2/kg the solubility decreases 
due to the reduction of the number of defects on particles surface.   
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
Fig. 10. Kinetics of saturation of calcium hydrate sulfate powdery solutions with different degree of fineness 
A mix containing 30% of powder with relative area 667 m2/kg (see Fig. 11) manifests the most solubility among bi-
dispersive mixtures.  Both separate powders and their mixtures are characterized with the same solution rapidness and the 
time of saturation of solutions under given conditions. 

Fig. 11. Kinetics of saturation of solutions of bi-dispersive mixtures of powders of calcium hydrate sulfate  
with various percentages of more coarse powder 
The optimal structure providing maximum of contacts is formed under the condition of one grain of small size being 
placed between grains with greater sizes. The formation of such structure is possible in a binary mix with specified 
diameters ratio. The greater is this ratio, the easier it is to obtain the binary mix of quasi-basal type under minimum of 
mixing time. Small sized grains fill in porous space like liquids since they easily pass through big-sized.  
By the results of investigations with mathematical modeling the non-hydration hardening of hydrate gypsum containing 
disaggregated systems of optimal structure an equation was found which enables to theoretically design an optimal 
granulometry of raw materials of powders with varying fineness of grinding.  
The strength analysis of composites on the basis of bi-dispersive systems indicated an extremum in a range of mixes 
containing coarse powder from 30 to 40% (see Fig. 12).  
In case of optimal packing the most number of contacts are formed at the expense of bi-dispersive system glanulometry 
regulating. 
The data obtained as the result of the investigations on solubility of monofractional powders and bifractional mixtures on 
the base of technogenic gypsum and also on gypsum composite strength are in compliance with computer modeling 
outcomes. Reliability and identity of mathematic estimation of the process of gypsum composite structure formation were 
proved. The optimum of coarse powder according to studies results makes 30% and with the modeling it makes 30–40%.  
The optimal granularity ensures the most compact packing in a unit space with maximum of contacts of varying-sized 
grains (see Figs 13, 14). The former was experimentally confirmed [10]. 
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
Fig. 12. Strength of gypsum composite versus the content of large fraction  
of hydrate technogenic gypsum powder mixes on 7th days of curing 
  
Fig. 13. Microstructure of composite manufactured on the base of binary 
mix of the specified granularity right after pressing 
 
Fig. 14. Microstructure of composite manufactured on the base of binary 
mix of the specified granularity on 7th day of curing 
5. Conclusions 
The optimization of granular composition of raw mixtures on the base of technogenic gypsum allows to enhance the 
strength of the composite obtained at the expense of increasing the active centers of crystallization in a consolidating 
system; it is experimentally confirmed. Strength of the received sample of the gypsum composite structure reaches 74 MPa. 
It more than twice exceeds the strength received by A.F. Polak. So, granularity regulation and hydrate gypsum fineness 
increase are the basic factors to manufacture high-performance gypsum rock and high quality of materials and products on 
its basis. 
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